Background {#Sec1}
==========

In contrast to higher vertebrates, which have adaptive immune response systems, invertebrates exclusively rely on the innate immune system (the immune system is here defined *sensu lato* as the organism's defense against infection, including avoidance behavior, physical barriers, and physiological processes). For a long time it was assumed that only the adaptive system is capable of mounting highly specific defense responses. However, evidence is accumulating that invertebrates have surprisingly complex immune systems that in theory may have the potential to produce similar specificities \[[@CR1]--[@CR3]\]. Yet, to date, we possess only little information on the genetic and molecular mechanisms underlying such specificities. First insights into these mechanisms were previously obtained for the model nematode *C. elegans*, an important invertebrate system for studying immune defense \[[@CR2], [@CR4], [@CR5]\]. For example, loss of function of the prolylhydroxylase encoding gene *egl-9* enhances susceptibility to *Staphylococcus aureus* \[[@CR6]\] but resistance to *Pseudomonas aeruginosa* (PA01) \[[@CR7]\] and *Bacillus thuringiensis* toxins \[[@CR8]\]. Similarly, a loss of function of the Toll-like receptor gene *tol-1* increases susceptibility to *Salmonella enterica* but resistance to *Enterococcus faecalis* \[[@CR9]\], even though the general importance of *tol-1* in worm immunity is unclear \[[@CR5], [@CR10]\].

Such specificities may not only be expressed by the nematode's physiological immune system, but could also be expected for behavioral defenses. Such behaviors are a central component of immune defense *sensu lato* - next to protective barriers and physiological processes - and are likely to represent a highly economic immune defense strategy because they simultaneously reduce pathogen contact, and thus the risk of tissue damage, and also the necessity to activate the energetically costly physiological and cellular response \[[@CR11]\]. *C. elegans* colonizes microbe-rich habitats in nature where it feeds on bacteria and yeasts \[[@CR12]--[@CR15]\]. Since these habitats also contain many pathogenic microorganisms, *C. elegans* has evolved distinct types of behavioral responses including physical avoidance, associative learning and reduced oral uptake of pathogens \[[@CR4], [@CR16]--[@CR22]\].

Previous studies revealed the presence of substantial genetic variation among wild isolates of *C. elegans* in their behavioral response towards different pathogens \[[@CR17], [@CR19], [@CR23]--[@CR27]\]. In one case, namely the defense response against the Gram-negative bacterium *Pseudomonas aeruginosa*, this variation could be linked to the polymorphic neuropeptide receptor *npr-1* locus on the X chromosome*.* The gene *npr-1* was proposed to regulate *C. elegans'* immunity against PA14 either through controlling the aerotaxis response \[[@CR17]\]*,* or through controlling both aerotaxis response and physiological immune defense \[[@CR18]\]. *npr-1* is a homolog of the mammalian neuropeptide Y receptor gene and it is found in two different isoforms in *C. elegans* that result from a single amino acid change at position 215 (valine in isoform 215 V; phenylalanine in isoform 215 F) \[[@CR28]\]. These isoforms do not only influence pathogen defense but also foraging behavior in response to oxygen concentrations \[[@CR28], [@CR29]\] and leaving behavior from lawns with the laboratory food bacterium *Escherichia coli* \[[@CR30], [@CR31]\].

The apparent complexity of the *C. elegans* defense against pathogens \[[@CR1]--[@CR3], [@CR5]\] raises the question whether single pathways or genes can also fine-tune the behavioral defense response towards specific pathogens. To address this question we studied the genetic architecture of behavioral immune defense of *C. elegans* towards the Gram-positive pathogen *Bacillus thuringiensis*. This pathogen is likely to coexist with *C. elegans* in nature \[[@CR15]\]. Some strains are nematocidal, whereby the host is infected by the oral uptake of spore-toxin mixtures. Infection of the gut is followed by toxin-mediated cellular damage of the intestinal epidermis, germination of spores and subsequent proliferation of vegetative cells, including expression of various virulence factors, ultimately resulting in nematode death \[[@CR32]--[@CR36]\]. Nematocidal *B. thuringiensis* induces pronounced behavioral responses in *C. elegans* \[[@CR21], [@CR23], [@CR37], [@CR38]\].

Here we explored genetic variation in *C. elegans* and used quantitative trait locus (QTL) analysis to characterize the genetic basis of behavioral immune defense against two pathogenic *B. thuringiensis* strains, whereby one strains (BT B-18679) is known to be more pathogenic than the other (BT B-18247) \[[@CR39], [@CR40]\]. Our QTL analysis was based on a panel of 200 recombinant inbred lines (RILs) and 90 introgression lines (ILs), derived from a cross between the *C. elegans* strains N2 and CB4856 \[[@CR41], [@CR42]\]. Our QTL analysis identified *npr-1* as one of the candidate genes, though with an opposite effect on avoidance behavior to that previously reported towards *P. aeruginosa* \[[@CR17], [@CR18]\]. Therefore, we further characterized the function of the *npr-1* gene in producing contrasting pathogen defense responses. Using *npr-1* mutants, we assessed the influence of the gene on both avoidance behavior and survival towards the two pathogen species, *B. thuringiensis* and *P. aeruginosa*. Moreover, we used RNAseq to identify differences in the pathogen-dependent transcription of *npr-1* down-stream targets. The functional importance of such differences was assessed through enrichment analysis of gene ontology (GO) categories, customized nematode-specific gene sets, which we collated from previous gene expression analyses, and transcription factor binding motifs.

Results and discussion {#Sec2}
======================

Two *C. elegans* wild-type strains differ in bacterial lawn leaving behavior {#Sec3}
----------------------------------------------------------------------------

The standard laboratory strain N2 and the Hawaiian strain CB4856 showed significant variation in lawn-leaving behavior towards nematocidal *B. thuringiensis* strains (B-18679 & B-18247) and non-nematocidal strains (DSM350 & *E. coli* OP50). Lawn leaving served as a proxy for behavioral defense and was based on an assay (Additional file [1](#MOESM1){ref-type="media"}) related to those previously used to characterize *C. elegans* avoidance behavior \[[@CR10], [@CR16], [@CR19], [@CR21], [@CR31], [@CR37]\], in this case using peptone-free medium (PFM) to prevent *B. thuringiensis* spore germination outside the host (see [Methods](#Sec10){ref-type="sec"}). Lawn leaving behavior was significantly higher for CB4856 compared to N2 on all tested bacterial strains and for all exposure time periods (Fig. [1](#Fig1){ref-type="fig"}; Sheet 1 in Additional files [2](#MOESM2){ref-type="media"}, [3](#MOESM3){ref-type="media"} and [4](#MOESM4){ref-type="media"}). For both *C. elegans* strains, we observed a significant increase in leaving across time (Fig. [1](#Fig1){ref-type="fig"}). For both, the avoidance response towards the most pathogenic strain (B-18679) was higher than that towards the less pathogenic strain (B-18247) (Fig. [1c](#Fig1){ref-type="fig"}, [d](#Fig1){ref-type="fig"}).Fig. 1Variation in lawn leaving behavior between N2 and CB4856 towards different bacterial strains. Lawn leaving behavior towards: (**a**) the non-pathogenic *E. coli* strain OP50; (**b**) the non-nematocidal *B. thuringiensis* strain DSM350; (**c**) the nematocidal *B. thuringiensis* strain B-18247; and (**d**) the highly nematocidal *B. thuringiensis* strain B-18679. The Y axis shows the leaving index for N2 (*blue*) or CB4856 (*red*), calculated as the proportion of nematodes which left the bacterial lawn; the X axis indicates the different exposure time points. Asterisks denote the treatments for which leaving behavior of CB4856 is significantly different from N2. The dotted reference line shows a leaving index of 0.5. Error bars represent standard error of the mean. Raw data are given in sheet 1 of Additional file [2](#MOESM2){ref-type="media"}. Detailed statistical results are shown in Additional file [3](#MOESM3){ref-type="media"}

Our results confirm previously reported higher avoidance behavior and resistance of CB4856 compared to N2 towards one of the pathogens used in the current study, *B. thuringiensis* B-18247 \[[@CR23]\]. Our findings are also consistent with two previous studies that demonstrated a higher OP50-patch leaving behavior \[[@CR31]\] and a higher microsporidia resistance of CB4856 compared to N2 \[[@CR43]\]. Interestingly, the opposite phenotype has been reported regarding the nematode's response to two other pathogens, *P. aeruginosa* and *Serratia marcescens*. In these cases, N2 rather than CB4856 produced higher resistance and behavioral avoidance towards *P. aeruginosa* \[[@CR17], [@CR19]\], and higher avoidance towards *S. marcescens* \[[@CR26]\]. Moreover, as the more pathogenic B-18679 was more strongly avoided than the less virulent B-18247 (Fig. [1c](#Fig1){ref-type="fig"}, [d](#Fig1){ref-type="fig"}), *C. elegans* appears to be able to differentiate between different levels of pathogenicity of the same bacterial species. In this case, the difference in pathogenicity is likely due to expression of different Cry toxins that result in different infection patterns \[[@CR37]\]. Based on our results we expect that the N2 and CB4856-derived RIL and IL populations are likely to contain sufficiently high levels of variation for a QTL analysis of avoidance behaviors towards the four chosen bacterial strains.

Multiple QTLs and their interactions account for variation in avoidance behavior {#Sec4}
--------------------------------------------------------------------------------

We performed QTL analyses on *C. elegans* pathogen defense and revealed the genetic architecture of pathogen avoidance behavior to (i) be polygenic, (ii) include epistatically interacting loci, and (iii) incorporate general as well as pathogen-specific avoidance loci. In particular, our study simultaneously assessed the behavioral response of 200 RILs and 90 ILs \[[@CR41], [@CR42]\] towards four bacterial strains (two nematocidal *B. thuringiensis* and two non-nematocidal controls) at two exposure time points (14 h and 24 h) and with three replicates per treatment combination, using the same lawn leaving assays as above for N2 and CB4856. Below we present our results of a main-effect QTL analysis of the RIL population and an analysis of interaction effects among loci for the RIL population.

The main effect QTL analysis uncovered five main regions associated with avoidance: (i) one large region in the middle of chromosome II, for which the CB4856 allele(s) increase(s) leaving behavior of the non-pathogenic bacteria only at the 24 h time point (Fig. [2a](#Fig2){ref-type="fig"}, [b](#Fig2){ref-type="fig"}); (ii) a region on chromosome II, for which the N2 allele(s) specifically increase(s) avoidance of the more pathogenic strain B-18679 at the 24 h time point (Fig. [2d](#Fig2){ref-type="fig"}); (iii) a region on the left arm of chromosome IV, for which the N2 allele(s) increase(s) leaving behavior towards controls and pathogens (Fig. [2a](#Fig2){ref-type="fig"}-[d](#Fig2){ref-type="fig"}); (iv) a region on the right arm of chromosome IV, for which the CB4856 allele(s) increase(s) avoidance of pathogens at both time points (Fig. [2c](#Fig2){ref-type="fig"}, [d](#Fig2){ref-type="fig"}); and (v) a region on chromosome X with the strongest effect on leaving behavior towards controls and pathogens (Fig. [2a](#Fig2){ref-type="fig"}-[d](#Fig2){ref-type="fig"}), mediated by the CB4856 allele(s) and including a significant time effect on the response to the pathogenic bacteria (Fig. [2c](#Fig2){ref-type="fig"}, [d](#Fig2){ref-type="fig"}). This very strong X chromosome effect was confirmed by the ILs (Additional file [5](#MOESM5){ref-type="media"}).Fig. 2QTL profiles for single marker mapping of avoidance behavior. QTL analysis of avoidance of: (**a**) *E. coli* OP50; (**b**) the non-nematocidal *B. thuringiensis* DSM350; (**c**) nematocidal B-18247; and (**d**) highly nematocidal B-18679. The *X-axis* shows the markers along the five autosomes and the X chromosome. Vertical light gray lines denote the boundaries between chromosomes. The *Y-axis* indicates the association between the chromosomal markers and variation in avoidance. Significance is indicated by --log10 of the *p*-value obtained from the linear model, which is multiplied by the sign of the effect to indicate the N2 allelic effect on avoidance. A value above 0 indicates an increase in leaving caused by the N2 allele; a value below 0 indicates an increase in leaving caused by the CB4856 allele. By convention, values above +2 or below -2 are considered to indicate a significant influence. *Green* and *red* lines show the results after either 14 h or 24 h exposure, respectively

Our analysis of interaction effects among QTLs, using a standard interaction model (phenotype \~ time + marker1 \* marker2), revealed several significant intra-genomic associations with an influence on lawn leaving behavior. For *E. coli*, significant interactions were found for at least two cases (Fig. [3a](#Fig3){ref-type="fig"}): (i) between the beginning of chromosome I and the first half of chromosome X; and (ii) between the end of chromosome II and almost the entire IV chromosome. For DSM350, we identified interaction effects between: (i) the end of chromosome IV and the first quarter of chromosome X; and (ii) the end of chromosome II and almost the entire IV chromosome (Fig. [3b](#Fig3){ref-type="fig"}). The latter seems to be specific for food patch leaving behavior as it was identified for both of the non-pathogenic bacteria (Fig. [3a](#Fig3){ref-type="fig"}, [b](#Fig3){ref-type="fig"}). For the nematocidal B-18247, we found interaction effects at least between: (i) the beginnings of chromosome II and V; and (ii) the second quarter of chromosome II and the beginning of chromosome X (Fig. [3c](#Fig3){ref-type="fig"}). For the highly nematocidal B-18679, several interaction effects were identified including: (i) between the ends of chromosome I and II; and (ii) between the second quarter and the middle of chromosome IV (Fig. [3d](#Fig3){ref-type="fig"}). Interestingly, the X chromosome region with the strongest influence in the main effect model (Fig. [2](#Fig2){ref-type="fig"}) only contributed to very few significant interaction effects. One of these is an interaction with a chromosome I region,mediating avoidance of *E. coli* OP50 (Fig. [3a](#Fig3){ref-type="fig"}), and another one with a chromosome IV region, influencing avoidance of DSM350 (Fig. [3b](#Fig3){ref-type="fig"}).Fig. 3Heat-map of interaction effects for avoidance behavior. Results for avoidance of: (**a**) *E. coli* OP50; (**b**) DSM350; (**c**) nematocidal B-18247; and (**d**) nematocidal B-18679. The distribution of markers across the genome is shown on both axes. The chromosome boundaries are indicated by the thin vertical and horizontal lines. A color legend for significance of the interaction between markers is shown on top of the panels. Significance is in --log10(p). High significance values are given in "warm" colors with purple and red indicating the highest significances, followed by orange and then yellow. For example, in panel (**c**) showing the results for B-18247, the thin red area towards the bottom right indicates a significant interaction between loci from the beginning of the X chromosome (*horizonal axis*) and the middle of chromosome II (*horizontal axis*). The other slightly larger red area in the bottom right of this panel points to a significant interaction between the beginning of chromosome V (*horizontal axis*) and the beginning of chromosome II (*vertical axis*)

Taken together, our results demonstrate that pathogen avoidance has a complex genetic architecture in *C. elegans*, which overlaps with, but differs from the response to non-pathogenic microbes. In particular, pathogen defense traits are related to the response to non-pathogenic bacteria, because they are affected by the same loci. Defense is thus in part determined by the general response to microbes, whereby pathogenicity of the bacteria may simply elevate the response mediated by a particular locus, as indicated for the X chromosome QTL (Fig. [2](#Fig2){ref-type="fig"}). Moreover, our results for the pathogen-specific QTLs are consistent with the previous finding that pathogen defense in invertebrate animals seems to rely on few loci and involve epistatic interactions among them \[[@CR44], [@CR45]\], possibly as a consequence of reciprocal coevolution among host and pathogens \[[@CR44]\]. It will be a rewarding challenge for the future to characterize the genes underlying the pathogen-specific QTLs. Interestingly, the main effect QTL on the X chromosome was previously implicated in lawn leaving behavior with similar allelic effects towards the non-pathogenic *E. coli* OP50 (i.e., the CB4856 allele increases avoidance; \[[@CR31]\]) but with opposite allelic effects towards *P. aeruginosa* (i.e., the N2 allele increases avoidance; \[[@CR17]--[@CR19]\]). In these cases, the QTL effect on chromosome X could be associated with variation in the gene *npr-1* \[[@CR17]--[@CR19], [@CR31]\] and, at least towards *E. coli*, additionally the catecholamine receptor gene *tyra-3* \[[@CR31]\].

The *npr-1* gene affects defense against *B. thuringiensis* {#Sec5}
-----------------------------------------------------------

The gene *npr-1* was previously linked to the strong-effect QTL on chromosome X \[[@CR17]\], which we found in the current study to influence *C. elegans* defense towards *B. thuringiensis* in the opposite way than that towards *P. aeruginosa*. We therefore specifically tested whether this gene is indeed responsible for the contrasting phenotypes in pathogen avoidance and resistance.

We first studied the role of *npr-1* in lawn leaving behavior on *E. coli* and *B. thuringiensis* using two mutants (*npr-1(ad609)*, *npr-1(ur89)*), which were both previously shown to decrease pathogen avoidance behavior against *P. aeruginosa* \[[@CR17], [@CR18]\]. Another gene from the left arm of chromosome X was previously demonstrated to influence food patch leaving behavior, namely *tyra-3*, which encodes a tyramine receptor homologue \[[@CR31]\]. Therefore, we further tested its involvement in pathogen defense with the knock-out mutant *tyra-3(ok325)*.

Analysis of the two mutant *npr-1* alleles (*npr-1(ad609)*, *npr-1(ur89)*) yielded different results in avoidance and resistance (Figs. [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}; sheets 2--4 of Additional files [2](#MOESM2){ref-type="media"}, [6](#MOESM6){ref-type="media"}, [7](#MOESM7){ref-type="media"} and [8](#MOESM8){ref-type="media"}). In particular, avoidance behavior of *npr-1(ur89)* was similar to CB4856 but higher than that of N2 (Fig. [4](#Fig4){ref-type="fig"}, Additional file [6](#MOESM6){ref-type="media"}). In contrast, *npr-1(ad609)* always produced a low leaving rate, similar to N2 and clearly different from CB4856. On the highly pathogenic B-18679, avoidance behavior was extremely high at both time points without any significant differences among the *C. elegans* strains (Fig. [4d](#Fig4){ref-type="fig"}). In addition, the *tyra-3* mutant consistently showed a similar behavioral response to N2, irrespective of the bacterium and the exposure time (Fig. [4](#Fig4){ref-type="fig"}, Additional file [6](#MOESM6){ref-type="media"}).Fig. 4Lawn leaving behavior for N2, CB4856, and different mutants towards *E. coli* and *B. thuringiensis*. Results for avoidance of: (**a**) *E. coli* OP50; (**b**) non-nematocidal *B. thuringiensis* DSM350; (**c**) nematocidal *B. thuringiensis* B-18247; and (**d**) highly nematocidal B-18679. The *Y axis* shows the proportion of escaped worms (i.e., leaving index); the *X axis* shows the two time points at which leaving was scored. The asterisk (\*) is shown for the treatments which differ significantly from N2 whereas the hash sign (\#) indicates significant differences from CB4856. The dotted reference line shows a leaving proportion of 0.5 for orientation among sub-panels. Error bars represent standard error of the mean. Raw data are given in sheet 2 of Additional file [2](#MOESM2){ref-type="media"}; detailed statistical results in Additional file [6](#MOESM6){ref-type="media"}Fig. 5Survival of N2, CB4856, *npr-1(ad609)* and *npr-1(ur89)* on nematocidal *B. thuringiensis*. Results for: (**a**) nematocidal B-18247; and (**b**) highly nematocidal B-18679. Survival on the *Y axis* was plotted against relative *B. thuringiensis* concentration on the *X axis*. Error bars represent standard error of the mean. The raw data are provided in sheet 4 of Additional file [2](#MOESM2){ref-type="media"}; the statistical results in Additional file [8](#MOESM8){ref-type="media"}

The *npr-1* alleles produced similarly contrasting effects on survival rate, which is often used as a proxy for nematode immunity. For the RIL/IL parental strains, we found that CB4856 showed significantly higher resistance than N2 on both nematocidal *B. thuringiensis* strains (Fig. [5](#Fig5){ref-type="fig"}; Additional files [7](#MOESM7){ref-type="media"}, [8](#MOESM8){ref-type="media"} and [9](#MOESM9){ref-type="media"}). Moreover, the *npr-1(ur89)* mutant was significantly more resistant than N2 and as resistant as CB4856 on both nematocidal pathogens, whereas *npr-1(ad609)* was as susceptible as N2 on both pathogenic strains (Fig. [5](#Fig5){ref-type="fig"}, Additional file [8](#MOESM8){ref-type="media"}). None of the *C. elegans* strains showed any mortality under control conditions (results not shown).

We conclude that the two mutant *npr-1* alleles produce opposite effects on both behavioral avoidance of the four bacterial strains and also resistance against nematocidal *B. thuringiensis*. Consequently, variation in *npr-1* may only partially explain the strong main effect QTL on the X chromosome. The difference between the two *npr-1* alleles in avoidance and resistance of *B. thuringiensis* is surprising, because both alleles behaved similarly in previous studies investigating resistance against *P. aeruginosa* \[[@CR17], [@CR18]\]. Yet the two alleles carry different mutations: *npr-1(ad609)* two in exons 2 and 3, whereas the mutation of *npr-1(ur89)* falls into exon 3 (<http://www.wormbase.org>). The exact reasons for the different effects of these alleles clearly deserve further investigation in the future, ideally including additional loss-of-function and also reduced-function *npr-1* alleles in combination with a tissue-specific analysis of the mutational effects. We further conclude that the *tyra-3* gene does not appear to influence the assayed phenotypes (Figs. [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}), including avoidance of *E. coli* OP50, which was however previously demonstrated in a separate study \[[@CR31]\]. The difference in results could be due to variation in experimental approaches. For example, we directly characterized leaving behavior, whereas the previous study scored activity as a proxy for leaving behavior \[[@CR31]\].

Contrasting effect of *npr-1* on defense against *Pseudomonas aeruginosa* {#Sec6}
-------------------------------------------------------------------------

We sought to confirm the previously published finding \[[@CR17]--[@CR19]\] that the wild-type N2 produces higher resistance and stronger avoidance behavior towards the pathogen *P. aeruginosa* PA14 than the Hawaiian strain CB4856 and two *npr-1* mutants \[[@CR17]--[@CR19]\], thus contrasting with our above results for *B. thuringiensis*. Here, we specifically re-evaluated these previous results under our laboratory conditions and assay protocols, using the peptone-rich NGM plates required for expression of *P. aeruginosa* virulence. We first used the lawn leaving assay to assess the avoidance response against PA14 at different exposure time points. Consistent with previous findings, the *npr-1* mutants and CB4856 showed significantly lower PA14 pathogen avoidance than N2 across all time points (Fig. [6](#Fig6){ref-type="fig"}; sheets 5 and 6 of Additional files [2](#MOESM2){ref-type="media"}, [10](#MOESM10){ref-type="media"}, [11](#MOESM11){ref-type="media"} and [12](#MOESM12){ref-type="media"}). For the 48 h time point the mutant *npr-1(ad609)* even had a lower leaving response than CB4856 (Fig. [6b](#Fig6){ref-type="fig"}). On OP50, leaving behavior was similar for all *C. elegans* strains at all time points except at time point 14 h, when the mutant *npr-1(ad609)* showed a more pronounced leaving behavior than N2 (Fig. [6a](#Fig6){ref-type="fig"}, Additional file [12](#MOESM12){ref-type="media"}). In this assay, we also included a *tyra-3* mutant, which expressed a similar leaving response to N2 under all conditions except at time point 48 h, where its leaving response against PA14 was reduced in comparison to N2, but still significantly higher than that of the remaining strains (Fig. [6b](#Fig6){ref-type="fig"}, Additional file [12](#MOESM12){ref-type="media"}).Fig. 6Lawn leaving behavior for N2, CB4856 and different mutants towards *E. coli* and *P. aeruginosa*. Results for: (**a**) *E. coli* OP50; and (**b**) *P. aeruginosa* strain PA14. The *Y axis* shows the proportion of escaped worms; the *X axis* shows the three time points at which leaving was scored (12 h, 24 h, and 48 h). The asterisk (\*) denotes the treatments which differ significantly from N2, whereas the hash sign (\#) indicates significant differences from CB4856. The dotted reference line shows a leaving proportion of 0.5. Error bars represent standard error of the mean. The raw data are provided in sheet 6 of Additional file [2](#MOESM2){ref-type="media"}; detailed statistical results in Additional file [12](#MOESM12){ref-type="media"}

We next evaluated the effect of *npr-1* on resistance against PA14 using standard *C. elegans* survival assays. All strains survived less on the pathogen PA14 than on the control OP50 (Fig. [7](#Fig7){ref-type="fig"}; sheet 7 of Additional files [2](#MOESM2){ref-type="media"} and [13](#MOESM13){ref-type="media"}). On the pathogen, N2 was significantly more resistant than all other tested strains (Fig. [7b](#Fig7){ref-type="fig"}, Additional file [14](#MOESM14){ref-type="media"}).Fig. 7Survival of N2, CB4856, *npr-1(ad609)* and *npr-1(ur89)* on *E. coli* and *P. aeruginosa*. Results for: (**a**) *E. coli* OP50; and (**b**) *P. aeruginosa* strain PA14. Survival (*Y axis*) was plotted against time in hours (*X axis*). We used the Kaplan-Meier method to calculate survival fractions. The raw data are given in sheet 7 of Additional file [2](#MOESM2){ref-type="media"}; statistical results in Additional files [13](#MOESM13){ref-type="media"} and [14](#MOESM14){ref-type="media"}

We conclude that *npr-1* directly influences avoidance of PA14, in agreement with previous work \[[@CR17]--[@CR19]\]. In these studies, *npr-1* was suggested to affect PA14 resistance either as a consequence of hyperoxia avoidance behavior only (proposed by Reddy et al., \[[@CR17]\]) or through both hyperoxia avoidance and the regulation of physiological immune responses (proposed by Styer et al., \[[@CR18]\]).

Our results further demonstrate that the two *C. elegans* wild-type strains express opposite phenotypes on the two tested pathogens and that this contrast may be mediated at least partially by *npr-1*, as one of the *npr-1* alleles also produces an opposite phenotype relative to N2. Such opposite effects in the wild-type strains indicate specific interactions with pathogens. The underlying genetics for such specificities have not yet been explored for behavioral immune defense. Some information is available for physiological and cellular immune specificities. In the higher vertebrates, such specificities can be mediated by components of the adaptive immune system such as the highly variable receptors of the major histocompatibility complex or the highly variable T and B cell receptors. Similar specificities have also been recorded in invertebrates \[[@CR1], [@CR46]\], where they may be due to different immune signaling cascades. For example, in *Drosophila*, the immune deficiency pathway appears to be more important in the systemic response to Gram-negative bacteria, whereas the Toll pathway is more important towards Gram-positive bacteria and fungi \[[@CR47]\]. Moreover, in *C. elegans*, mutations in the *egl-9* and *tol-1* gene enhance resistance against some pathogens, while simultaneously increasing susceptibility to other pathogens (see introduction and \[[@CR5]--[@CR8], [@CR10]\]). Our study thus provides one of the few examples which demonstrate that a single gene, in this case the neuropetide Y receptor homolog gene *npr-1*, produces contrasting pathogen specificities in an invertebrate.

At the same time, it is less clear how exactly *npr-1* causes these contrasting phenotypes. Previous work on nematode social behavior demonstrated that *npr-1* influences worm aggregation, lawn bordering and clumping through its effect on aerotaxis behavior. The two tested *npr-1* alleles and also that of the CB4856 strain result in a preference towards lower oxygen concentrations usually found at the edge of the bacterial lawn \[[@CR48], [@CR49]\], whereas the N2 allele shows no such preference. A similar difference in aerotaxis behavior may also explain the reduced *P. aeruginosa* avoidance and resulting higher susceptibilities of the CB4856 and *npr-1* mutant strains, which remain in longer contact with the harmful pathogen, because the bacterial lawn boundaries show the preferred lower oxygen concentrations \[[@CR17]\]. An involvement of such aerotaxis behavior in the *B. thuringiensis* response of CB4856 and one of the *npr-1* mutants would then require that the preferred oxygen concentration is outside of the bacterial lawn, which is unlikely to be the case (assuming higher oxygen concentrations outside, where no oxygen is consumed by proliferating bacteria). Thus, it is conceivable that CB4856 and the one *npr-1* mutant are directly responding to a compound produced by *B. thuringiensis*, and that this response is less pronounced in the N2 strain and the other *npr-1* mutant. In this context, it is worth noting that the high variation between N2 and CB4856 in their leaving response towards the control *E. coli* OP50 was only observed on peptone free PFM but not the peptone-rich NGM assay plates (Figs. [1a](#Fig1){ref-type="fig"} and [4a](#Fig4){ref-type="fig"} versus Figs. [6a](#Fig6){ref-type="fig"} and Additional file [10](#MOESM10){ref-type="media"}). This is most likely explained by bacterial proliferation, which is possible on NGM but not PFM assay plates. In turn, the lack of proliferation on the PFM plates is unlikely to coincide with large variation in oxygen concentration, such that an aerotaxis response should be less pronounced under these conditions. Yet, a non-proliferating, static bacterial population may produce particular metabolites, which then could have induced the CB4856 avoidance response.

*npr-1* influences the transcriptomic response to *B. thuringiensis* and *P. aeruginosa* {#Sec7}
----------------------------------------------------------------------------------------

To explore the mechanisms underlying the *npr-1* mediated contrasting effects on immune defense, we assessed whether *npr-1* differentially affects gene expression in the presence of either of the two pathogens. Using RNAseq we compared the transcriptomes of the N2 and *npr-1(ur89)* strains exposed to either the nematocidal *B. thuringiensis* B-18247, the pathogenic *P. aeruginosa* PA14, or the control *E. coli* OP50. We chose the mutant *npr-1(ur89)* because it showed differential leaving behavior and survival on both pathogens compared to N2 (Figs. [4](#Fig4){ref-type="fig"} and [6](#Fig6){ref-type="fig"}). Exposure experiments were performed on Agar plates fully covered with bacterial lawns, thus reducing possible avoidance behaviors and producing comparable levels of lawn occupancy for the worms from the various treatment combinations. RNA transcript levels were characterized at two time points, 12 h and 24 h of pathogen exposure. We used principal component analysis (PCA) to explore which experimental factors generated different transcriptional responses. The first principal component indicated that the two nematode strains vary in their transcriptional signature to all three bacteria (Fig. [8](#Fig8){ref-type="fig"}). The second principal component highlights variation across several additional factors. The strongest effect stems from exposure time (light versus dark colors; Fig. [8](#Fig8){ref-type="fig"}). Additional influences can be seen for pathogen exposure versus the corresponding control, especially at the later time point (filled versus open symbols of the same type; Fig. [8](#Fig8){ref-type="fig"}) and also a clearly distinct signal after 24 h exposure to PA14 compared to all other conditions (filled dark colored circles towards the bottom of the graph; Fig. [8](#Fig8){ref-type="fig"}). These latter differences are more pronounced for N2 than the *npr-1* mutant, especially as N2 produces clearly distinct treatment signatures at the later 24 h time point (i.e., clearly separated dark blue open and filled circles and squares; Fig. [8](#Fig8){ref-type="fig"}). One possible reason for lower differentiation in the *npr-1* mutant may be a lower number of differentially expressed genes compared to the N2 strain. This was indeed the case, especially upon pathogen exposure (Table [1](#Tab1){ref-type="table"}), suggesting that mutations in *npr-1* somehow compromise the signalling response to pathogen infection.Fig. 8Principal component analysis of transcriptomic variation. Variation is assessed for *npr-1(ur89)* and N2 upon exposure to pathogens (B-18247 and PA14) and the control bacterium OP50. N2 is shown in blue whereas *npr-1(ur89)* is shown in red. *Light* and *dark* colors indicate the early and late time point, respectively (12 h versus 24 h). Filled and open symbols denote exposure to pathogens (B-18247 and PA14) and control bacteria (OP50), respectively. NGM is the nematode growth medium enriched with peptone for the PA14 assay plates, PFM refers to peptone-free NGM used for the B-18247 assay platesTable 1Number of up- and down-regulated genes in the N2 and *npr-1(ur89)* strainsB-18247PA14*C. elegans*12 h24 h12 h24 hUp-regulated N213931094222529* npr-1(ur89)*179191188352Down-regulated N22384458811233* npr-1(ur89)*1177058370RNAseq was used to assess variation in gene expression among the *C. elegans* N2 and *npr-1(ur89)* mutant strain in response to exposure to nematocidal *B. thuringiensis* B-18247 and *P. aeruginosa* PA14, always relative to the respective *E. coli* OP50 control. Gene expression variation was studied at two time points, 12 h and 24 h after initial exposure. The results are shown separately for the up- and down-regulated genes (top and bottom part of the table, respectively)

To identify groups of co-regulated genes, we next performed K-means clustering on the significant gene sets. The resulting eight clusters confirm that the transcriptional response is influenced by the *C. elegans* strain, the pathogen strain and also the exposure time point (Fig. [9](#Fig9){ref-type="fig"}; Additional file [15](#MOESM15){ref-type="media"}). In detail, clusters 1, 2, 3, and 4 refer to genes with strong differential expression upon exposure to only pathogenic *B. thuringiensis* B-18247 in only the *C. elegans* N2 strain, but neither the *npr-1(ur89)* mutant on the same pathogen nor any of the other treatments with *P. aeruginosa* (e.g., the stronger the color intensity in Fig. [9](#Fig9){ref-type="fig"}, the stronger the expression difference between pathogen versus non-pathogen exposure). This result again highlights that the *npr-1* mutant shows generally lower responsiveness in inducible gene expression (i.e., most clusters do not show high color intensity in Fig. [9](#Fig9){ref-type="fig"}). Clusters 1, 2, 3 and 4 only responded to the pathogen B-18247, and clusters 7 and 8 only or at least predominantly to PA14. Two clusters are specific to expression variation at the 12 h time point, in both cases upon exposure to B-18247 (i.e., clusters 1 and 3), whereas four clusters indicate a more pronounced response at the later 24 h time point, either towards only B-18247 (clusters 2 and 4) or only PA14 (clusters 7 and 8). The remaining two clusters highlight patterns of early or continuous transcriptional response towards B-18247 and late transcriptional response towards PA14 (clusters 5 and 6; Fig. [9](#Fig9){ref-type="fig"}). None of the identified clusters showed an opposite gene expression pattern between either N2 and the *npr-1* mutant (e.g. up in N2 and down in the *npr-1* mutant) or the two pathogens (e.g. up after *B. thuringiensis* but down after *P. aeruginosa* exposure). Taken together, clusters 5 and 6 appear to encompass a general defense response against both pathogens, whereas the clusters 1, 2, 3, and 4 define the specific response to B-18247 and clusters 7 and 8 that to PA14. Therefore, the latter two groupings are likely to account for the observed *npr-1* dependent defense differences towards the two pathogens. We thus conclude that the considered mutation in the *npr-1* gene causes a decreased transcriptomic response to the two pathogens, which induce overlapping and distinct sets of differentially expressed genes.Fig. 9Co-regulation of the differentially expressed genes. K-means cluster analysis yielded eight clusters of co-regulated genes, as indicated by the numbers on the left. The *top* of the graph shows the different treatment conditions, including *C. elegans* strain, pathogen strain and exposure time point. *Red* refers to up-regulated genes, whereas blue to down-regulated genes, always upon pathogen exposure relative to the corresponding *E. coli* OP50 control. High color intensities indicate strong expression differences to the control (see legend in the *bottom right* corner). The complete results are given in Additional file [15](#MOESM15){ref-type="media"}

Different functions and signaling processes are affected by the pathogen-dependent *npr-1*-specific transcriptome {#Sec8}
-----------------------------------------------------------------------------------------------------------------

We used enrichment analysis as a statistical tool to explore the possible functions of the differentially regulated gene clusters. Four types of enrichment analyses were performed, which aim to identify significant over-representation of (i) genes with a specific gene ontology (GO) term (GO term analysis); (ii) customized nematode-specific gene sets, inferred from previous gene expression analyses and based on the program EASE (EASE analysis); (iii) genes with specific transcription factor-binding motifs (Motif analysis), and (iv) expression QTLs (eQTLs). The customized enrichment analysis with the program EASE \[[@CR50]\] was based on a large database of all previous *C. elegans* transcriptome studies, WormExp \[[@CR51]\], which we collated from published work. These studies investigated differential gene expression (i) across development, (ii) in specific tissues, (iii) in worms with defined mutations or subjected to RNAi-knockdown of specific genes, or (iv) upon exposure to environmental stimuli such as pathogens, heavy metals, and other chemical compounds \[[@CR51]\]. The GO term and Motif analyses were based on published methods, such as DAVID \[[@CR52], [@CR53]\] and AMD \[[@CR54]\]. Analysis of eQTL enrichment expression differences, using the eQTL database collated from different previous eQTL analyses, all based on RIL panels derived from N2 and CB4856 as parental lines \[[@CR41], [@CR55]--[@CR60]\], thus potentially allowing us to link the identified QTLs to the expression variation inferred against pathogens. The results are summarized in Figs. [10](#Fig10){ref-type="fig"} and [11](#Fig11){ref-type="fig"}, Table [2](#Tab2){ref-type="table"}, Additional files [16](#MOESM16){ref-type="media"} and [17](#MOESM17){ref-type="media"}, and explained in more detail below.Fig. 10Functional consequences of gene expression variation between *npr-1(ur89)* and N2 upon pathogen exposure. **a** Enrichment of gene ontology (GO) terms. The shown terms were significant with FDR \< 0.05 (Additional file [17](#MOESM17){ref-type="media"}). **b** Overview of enrichment of pathogen- and stress-induced gene sets, inferred from EASE analysis on the various clusters of co-regulated genes. The significantly enriched gene sets are indicated on the top and include - from *left* to *right* - differentially expressed genes upon exposure to (i) *B. thuringiensis* Cry5B toxin \[[@CR89]\]; (ii)-(iii) the same B-18247 strain used in the current study in *C. elegans* isolate MY15 or MY18 \[[@CR90]\]; (iv)-(v) the same PA14 strain used here \[[@CR66], [@CR93]\]; (vi) Oxidative stress response \[[@CR92]\]; (vii)-(ix) Osmotic induction \[[@CR95]\]; (x)-(xi) Heavy metal Cadmium dysregulated genes \[[@CR89], [@CR94]\]; (xii) Pesticide influence \[[@CR58]\]. **c** Overview of enriched gene sets for selected immunity pathways and general categories, including (i)-(ii) the p38 MAPK pathway (*pmk-1* and *sek-1* targets; \[[@CR91]\]); (iii)-(v) insulin signalling (*daf-2* targets; \[[@CR95]--[@CR97]\]); (vi) *npr-1* targets \[[@CR18]\]; (vii) Glycoproteins; (viii)-(x) Cytochrome P450 \[[@CR98]--[@CR100]\]; (xi) Protein kinase \[[@CR98]\]; (xii) Lipid metabolism \[[@CR98]\]; (xiii) Cell division \[[@CR98]\]. **d** Enrichment of Ebox and GATA motifs and their transcriptional targets. The enriched gene sets were inferred with EASE and are indicated at the top, including differentially expressed genes in mutants of (i)-(iii) E-box transcriptions factors \[[@CR101]\] or (iv)-(v) GATA transcription factors ELT-2 and ELT-3 \[[@CR102], [@CR103]\]. Enriched transcription factor binding motifs were inferred with AMD and are shown on the right (Additional file [17](#MOESM17){ref-type="media"}). In all panels, the clusters are given on the very left and are identical to those in Fig. [9](#Fig9){ref-type="fig"}. *Red* color indicates an enrichment for up-regulated genes per gene set, blue that for down-regulated genes per gene set. Color intensity corresponds to the significance level, inferred by EASE analysis (see scale at the *right side*)Fig. 11Example for enriched Gene ontology terms. **a** Heatmap for carbohydrate binding on cluster 5; **b** for oxidation reduction on cluster 7. *Red* and *blue* color indicate up- and down- regulation compared to OP50Table 2eQTL enrichment analysis on identified expression clustersExpression clusterLocation of eQTLeQTL setChromosomeApproximate position1V3.7 MRockman2IV6.6 MViñuela (old)3X15.5 MRockman4\-\--5X2.3 MRockmanX5.8 MRockmanX10.9 MRockmanIV6.3 MRockmanIII1.9 MRockman6I5.0 MViñuela (juvenile)7X15.7 MRockmanV12.3 MRockman8I3.9 MRockmaneQTL enrichment analysis was performed to identify significant overlaps between the genes underlying a specific cluster in our analysis (first column; see also Fig. [9](#Fig9){ref-type="fig"}) and previously characterized gene sets that define particular eQTLs (last column). Such overlaps can then be linked to the specific QTL regions within the genome (second and third column), which may then contain regulatory elements important for the expression variation in our study and which may also have been identified as QTLs for the observed variation in behavioral immune defense (Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}). For further details see Additional file [16](#MOESM16){ref-type="media"}. No significant enrichment was found for cluster 4

We first focus on the general defense response against the two pathogens, which is defined by two clusters (i.e, clusters 5 and 6; Fig. [9](#Fig9){ref-type="fig"}). These clusters are enriched for genes previously implicated in *C. elegans* pathogen defense. These include genes involved in carbohydrate binding (Fig. [10a](#Fig10){ref-type="fig"}), most likely mediated by C type lectin-like genes, many of which underlie this GO term (Additional file [17](#MOESM17){ref-type="media"} under GO) and which are up-regulated across treatment conditions (Fig. [11a](#Fig11){ref-type="fig"}) and have repeatedly been implicated in *C. elegans* immunity, possibly as pathogen recognition receptors or antimicrobials \[[@CR11], [@CR61]--[@CR64]\]. These two clusters are also enriched for genes which were previously shown to respond to exposure to the same pathogens and other types of stressors, such as heavy metals, osmotic stress, or pesticides (Fig. [10b](#Fig10){ref-type="fig"}). The upregulated genes appear to be controlled by two of the main *C. elegans* immunity signalling cascades, the p38 MAPK and the insulin-like receptor pathways (Fig. [10c](#Fig10){ref-type="fig"}) \[[@CR2]\], and also the *npr-1* gene (Fig. [10c](#Fig10){ref-type="fig"}) \[[@CR18]\]. They also show an enrichment in their promotor sequences for a GATA binding motif, although not for known targets of the GATA transcription factors ELT-2 and ELT-3 (Fig. [10d](#Fig10){ref-type="fig"}). They are also enriched for gene sets defined by eQTLs on chromosome I, III, the middle of chromosome IV, and the left arm and the middle of chromosome X (Table [2](#Tab2){ref-type="table"}). One of the enriched X chromosome eQTLs encompasses the *npr-1* gene, another the gene *sek-1* of the p38 MAPK cascade, and the one on chromosome IV may include the MAPK gene *jnk-1* or the p38 homolog *pmk-1*, additionally supporting the role of these genes in the nematode's expression response. The enriched eQTLs from chromosome IV and the left arm of the X chromosome also lie within the QTLs identified to influence behavioral defense against *B. thuringiensis* (Fig. [2](#Fig2){ref-type="fig"}). Taken together, we conclude that clusters 5 and 6 comprise the components of a general defense response, apparently active not only against pathogens but also other stressors and mediated by central stress and immune response pathways. In the *npr-1* mutant, this defense response is strongly reduced towards both pathogens.

The specific response to *P. aeruginosa* is captured by two clusters (i.e., clusters 7 and 8; Fig. [9](#Fig9){ref-type="fig"}). They are enriched for eQTLs on chromosome I, V, and X (Table [2](#Tab2){ref-type="table"}), although in chromosomal regions without any known regulator of immune defense. These clusters, especially the upregulated cluster, are however enriched for genes previously shown to respond to infection by the same pathogen (Fig. [10b](#Fig10){ref-type="fig"}) and also those involved in the response to oxidative stress and xenobiotics, including cadmium and pesticides (Fig. [10a](#Fig10){ref-type="fig"}, [b](#Fig10){ref-type="fig"}). The response to oxidative stress and xenobiotics is dominated by an up-regulation of cytochrome P450 genes (Fig. [11b](#Fig11){ref-type="fig"}; Additional file [17](#MOESM17){ref-type="media"}). The up-regulated cluster is further influenced by the two main immunity pathways, the *npr-1* gene, and also a GATA transcription factor (Figs. [10c](#Fig10){ref-type="fig"}, [d](#Fig10){ref-type="fig"}). All of the latter components have previously been shown to be central for immune defense against *P. aeruginosa*, especially the p38 MAPK signalling cascade \[[@CR65]\] and the GATA transcription factor ELT-2 \[[@CR66]\]. The transcriptomic response to *P. aeruginosa* infection is additionally strongly influenced by cytochrome P450 expression, possibly as part of a general stress response to reduce oxidative stress (Fig. [10c](#Fig10){ref-type="fig"}). Because these responses are activated more strongly in the N2 strain, they are likely to mediate the observed higher resistance and behavioral defense for this strain compared to the *npr-1(ur89)* mutant (Figs. [6](#Fig6){ref-type="fig"} and [7](#Fig7){ref-type="fig"} and model in Fig. [12](#Fig12){ref-type="fig"}).Fig. 12Model of *npr-1* dependent effects on pathogen defense in the N2 *C. elegans* strain. Exposure to both pathogens leads to an *npr-1* dependent activation of carbohydrate-binding factors, such as C-type lectin-like proteins, and also two central immune signaling cascades, the p38 MAPK and the insulin-like pathways, which could all enhance pathogen resistance (*middle* part of the graph). Upon exposure to *P. aeruginosa* PA14 (*right side*), *npr-1* also influences the activation of a general stress response, via one or several GATA transcription factors(s), which increases oxidative stress resistance and thus resistance to the pathogen. The response to *B. thuringiensis* (*left side*) is mediated by *npr-1* through one or several Ebox transcription factors, resulting in a reduced oxidative stress response and increased metabolic activity as a possible cause of enhanced pathogen susceptibility. *Arrows* with light colors indicate uncertain connections

The specific response to *B. thuringiensis* is defined by four clusters, two up-regulated and two down-regulated groups of genes (i.e., clusters 1--4; Fig. [9](#Fig9){ref-type="fig"}). They are enriched for eQTLs in the middle of chromosome IV (Table [2](#Tab2){ref-type="table"}), which could contain known defense regulators against *B. thuringiensis*, the MAPK genes *jnk-1* and *pmk-1* \[[@CR67]\], and which lies within the QTL above identified to contribute to behavioral defense against this pathogen (Fig. [2](#Fig2){ref-type="fig"}). Enriched eQTLs are additionally found on the left arm of chromosome V and the right arm of the X chromosome (Table [2](#Tab2){ref-type="table"}), in both cases without a link to any known immune regulator. Moreover, the upregulated clusters show an over-representation of genes involved in metabolic processes and phosphatase activity (Fig. [10a](#Fig10){ref-type="fig"}). They also include genes known to respond to the same pathogen and cadmium, as well as genes that are usually down- rather than up-regulated upon osmotic and pesticide stress (Fig. [10b](#Fig10){ref-type="fig"}). These two upregulated clusters are enriched for an Ebox transcription factor binding motif and the corresponding targets (Fig. [10d](#Fig10){ref-type="fig"}). The two down-regulated clusters show an enrichment for oxidation reduction and developmental genes (Fig. [10a](#Fig10){ref-type="fig"}), genes responsive to *B. thuringiensis* and cadmium (Fig. [10b](#Fig10){ref-type="fig"}), and genes controlled by insulin-like signalling, including glycoproteins (Fig. [10c](#Fig10){ref-type="fig"}). One of the down-regulated clusters also shows an enrichment of the GATA transcription factor targets (Fig. [10d](#Fig10){ref-type="fig"}).

Taken together, the results of our enrichment analyses allow us to propose a possible mechanistic basis for the contrasting defense effects of the *npr-1* gene. It is worth reiterating that N2 and the mutant only differ in the presence of a mutation in the *npr-1* gene. Therefore, the differences observed between strains must be influenced by the allelic variation in this gene. The higher resistance and avoidance behavior of N2 towards *P. aeruginosa* is likely influenced by the activation of GATA and/or p38 MAPK targets and/or the induced oxidative stress response (see above; Fig. [12](#Fig12){ref-type="fig"}). The situation is less clear for the response to *B. thuringiensis*. Because N2 produces lower defenses against *B. thuringiensis* than the *npr-1(ur89)* mutant (Figs. [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}), and because any differential gene expression is repressed in the *npr-1(ur89)* mutant (Table [1](#Tab1){ref-type="table"}; Fig. [9](#Fig9){ref-type="fig"}), the specific activation of certain genes in N2 (i.e., for the two up-regulated clusters 1 and 2) and/or the suppression of other gene groups in N2 (i.e., the down-regulated clusters 3 and 4) must account for the observed lower resistance and avoidance response against this pathogen. We hypothesize that this may possibly be mediated by one of the following two processes or a combination thereof (see model in Fig. [12](#Fig12){ref-type="fig"}): (i) the lower oxidative stress response in N2 could lead to increased susceptibility towards *B. thuringiensis*, in analogy to the effect recently described towards *E. faecalis* \[[@CR68]\] and assuming that *B. thuringiensis* toxicity causes oxidative stress (which is however currently unknown); and/or (ii) an activation of metabolic processes could be disadvantageous during pathogen infection, because it may reduce availability of energetic resources that can be invested in immune defense and because metabolic products may be exploited as a source of nutrition by the pathogen. Any of the other implicated functions (Fig. [10](#Fig10){ref-type="fig"}) may also contribute to enhanced susceptibility in an as yet unknown manner. These processes then seem to be influenced by *npr-1* through Ebox-specific transcription factors. Interestingly, the higher susceptibility is apparently caused by an activation of specific functions and signalling processes rather than their absence or at least reduced activity. This may indicate a sub-optimal response to this specific pathogen in the N2 strain or represent a consequence of pathogen-mediated manipulation of host responses, which are widespread among pathogens \[[@CR69]\] and which have also been shown for another *Bacillus* species, *Bacillus nematocida*, to change *C. elegans* behavior and intestinal responses \[[@CR70]\]. At the moment, it is unclear in what way the indicated processes influence either behavioral or physiological responses or both simultaneously. This represents a challenging topic for future research.

Conclusion {#Sec9}
==========

Our study revealed a complex genetic architecture comprising several epistatically interacting QTLs associated with variation in *C. elegans* pathogen avoidance behavior. The most significant QTL encompassed the gene *npr-1*. Our functional analyses of this gene revealed a contrasting effect of *npr-1* on *C. elegans* immune defense, as assessed through both behavioral and also survival phenotypes. In particular, the CB4856 allele was associated with faster lawn leaving behavior and higher survival than the N2 allele on *B. thuringiensis*, whereas it was associated with lower lawn leaving behavior and lower survival on *P. aeruginosa*. A further characterization of the exact role of *npr-1* suggested that it mediates differential regulation of defense genes via either GATA transcription factors leading to increased immune defense towards *P. aeruginosa* or Ebox transcription factors leading to decreased immune defense towards *B. thuringiensis*. Our study thus demonstrates that a single gene in *C. elegans* mediates contrasting pathogen-specific defense responses.

Methods {#Sec10}
=======

*C. elegans* and bacterial strains {#Sec11}
----------------------------------

*C. elegans* strains: (i) the standard wild-type strains N2 and CB4856; (ii) 200 Recombinant Inbred Lines (RILs) and 90 Introgression lines (ILs) generated from crosses between N2 and CB4856 \[[@CR41], [@CR42], [@CR55], [@CR60]\]; and (iii) two distinct mutant alleles of *npr-1*, *npr-1(ur89)* X (strain IM222) and *npr-1(ad609)* X (strain DA609), and also the *tyra-3* knock-out allele *tyra-3(ok325)* X (strain VC125). The three mutant strains were obtained from the Caenorhabditis Genetics Center (CGC; <http://www.cbs.umn.edu/CGC/>) and were all generated in the N2 background. All worm strains were maintained at 20 °C on Nematode Growth Medium (NGM) plates with the non-pathogenic *E. coli* OP50 as an *ad libitum* food according to standard protocols \[[@CR71]\]. All mutants were backcrossed at least three times to N2. Presence of the target mutation was confirmed for the two *npr-1* mutants by sequencing the *npr-1* gene at the location of the mutations and for the knock-out mutant *tyra-3* by polymerase chain reaction (PCR) analysis of the deleted region.

Bacterial strains: (i) two nematocidal strains of *B. thuringiensis*, NRRL B-18247 and NRRL B-18679, originally provided by the Agriculture Service Patent Culture Collection (United States Department of Agriculture, Peoria, Illinois, USA); (ii) the non-nematocidal *B. thuringiensis* strain DSM350, originally obtained from the German Collection of Microorganisms and Cell Cultures (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, DSMZ, Braunschweig, Germany); (iii) the pathogenic *P. aeruginosa* strain PA14, obtained from Dennis H. Kim, Boston, USA; and (iv) the non-pathogenic *E. coli* OP50. Before the start of this study, the three *B. thuringiensis* strains were cultured in large quantities as previously described \[[@CR32]\]. The cultures consisted mainly of spores associated to nematocidal toxins in the case of B-18679 and B-18247, and non nematocidal toxins in the case of the control DSM 350. All cultures were set to a concentration of 1.5 × 10^10^ particles/ml, assessed through standard Thoma counting chambers and microscopic analysis. The cultures were cryo-preserved in aliquots at --20 °C; spore viability and pathogenicity are not affected by freezing under these conditions \[[@CR38], [@CR40], [@CR72]\]. Usage of viable spore aliquots from the same starting culture allowed us to minimize variation across experiments, thus enhancing comparability of the data from different study approaches. In all cases, aliquots were thawed directly before each experiment. The bacterial cultures were then diluted, as indicated below in the description of the various assays.

Lawn leaving assays {#Sec12}
-------------------

The assay was designed for 9 cm petri dishes with either Peptone free NGM (PFM) for *B. thuringiensis* assays or peptone-rich NGM for PA14 assays. 30 μl of the test bacterium were spotted onto the center of the plate and 80 μl of *E. coli* OP50 only were additionally placed in the shape of a ring (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). This ring of OP50 protects escaping worms from starvation, minimizing their return to the lawn in the center. The test bacterium consisted of either *B. thuringiensis* diluted with OP50 at 1:250 from a stock with a concentration of 1.5 × 10^10^ particles/ml, or PA14 diluted with OP50 in a 4:1 ratio. 10 hermaphroditic fourth instar larvae (L4) were picked onto the test lawn. Experiments were performed at 20 °C.

Leaving behavior was recorded by counting the number of worms on the lawn at different time points of exposure and calculated according to the following formula:$$\documentclass[12pt]{minimal}
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The screens of RILs (200 lines) and ILs (90 lines) were done using a randomized block design on 17 dates, always including the parental strains of these lines, N2 and CB4856, as internal controls. Each *C. elegans* strain-bacteria-time point combination was assayed in three replicates, resulting in a total of 35040 individual data points. The screens of *npr-1* mutants included 12 replicates of each treatment.

We would like to note that the leaving assay for PA14 was performed at 20 °C and thus at a different temperature than the standard PA14 survival assays at 25 °C (see below and \[[@CR19]\]). The reason is that the 25 °C temperature led to increased bacterial growth on the assay plate, which caused enhanced dispersal of bacterial colonies through the crawling worms, thus compromising reliable scoring of the leaving behavior. Such a bias was not observed at 20 °C. As our results did confirm previously published data on *C. elegans* avoidance behavior towards PA14 \[[@CR19]\], our assay conditions allowed us to characterize a robust behavioral response against this pathogen.

Survival assays {#Sec13}
---------------

For survival analysis with *B. thuringiensis*, 6 cm peptone free NGM plates were inoculated with 100 μl of a mixture of *B. thuringiensis* with *E. coli* OP50. Mixtures were prepared in seven dilutions: 1:2, 1:5, 1:10, 1:30, 1:50, 1:100, and 1:250 (equivalent to the relative concentration given in the main text). Plates were left to dry overnight (9--15 h) at 20 °C. 30 L4 hermaphrodites were picked onto each assay plates. After 24 h, survival was recorded by counting alive, dead and missing worms. Each treatment group was replicated 8 times across 8 runs (one replicate per run).

Analysis of *P. aeruginosa* effects was based on 3 cm peptone-rich NGM plates, which were inoculated with 5 μl of an overnight culture at 37 °C of either PA14 or OP50. Seeded plates were incubated overnight at 37 °C and then at 25 °C. 30 L4 hermaphrodites were picked onto each assay plate and stored at 25 °C in the dark. Alive and dead worms were scored every 24 h and surviving worms were transferred to new assay plates every 48 h. Each treatment group was replicated 10 times across two runs.

Statistical analysis of phenotypic data {#Sec14}
---------------------------------------

We used the non-parametric Kruskall-Wallis test to assess differences in leaving behavior between the *C. elegans* strains, and a Bonferroni based adjustment to correct for multiple testing. We used Kaplan Meier analysis applying the Log Rank test to assess differences in *C. elegans*' survival on PA14. A Bonferroni based adjustment was used to correct for multiple testing. We used GLM ordinal logistic regression analysis to assess differences in survival between the *C. elegans* strains across the concentration range of *B. thuringiensis*, using *C. elegans* strains, BT concentration and the interaction between the two as factors. A Bonferroni based adjustment was used to correct for multiple testing. All escape and survival assays data were analyzed using the program JMP version 9.0 (SAS Institute Inc.), while graphic illustrations were produced with the program SIGMAPLOT version 12.0 (Systat Software Inc.).

Quantitative trait locus (QTL) analysis {#Sec15}
---------------------------------------

The QTL analysis was performed on the average of three replicates per genotype/line of the calculated proportion "leave" (see assay method) of 200 Recombinant Inbred Lines (RILs) \[[@CR41], [@CR55]--[@CR58], [@CR73]--[@CR76]\]. QTLs were calculated by single marker mapping using a linear model (trait \~ marker + error) for each marker using a custom written script in the statistical programming language "R" \[[@CR77]\]. Significance levels were estimated from 1000 permutations of the data. The analysis calculated the significance of the linkage between the genetic marker and the trait one by one for each bacterium and exposure time point separately. We furthermore evaluated epistatic interactions between each two markers across the genome for each bacterium separately using the following model: phenotype \~ time + marker1 \* marker2. BIN mapping in the set of 90 ILs was done as described in \[[@CR42], [@CR56]\].

RNA isolation and sequencing {#Sec16}
----------------------------

N2 and *npr-1(ur89)* worms were exposed to either PA14, BT B-18247 or OP50 for either 12 or 24 h of exposure. The experiment had 3 replicates of each treatment combination (a total of 36 samples across treatment combinations and replicates). Exposure experiments were performed on large Agar plates (15 cm diameter), which were fully covered with a bacterial lawn, thus minimizing escape responses and resulting in comparable occupancy rates across the treatment combinations. At both time points (12 & 24), worms were washed off the exposure plates with PBS containing 0.3 % Tween20® and resuspended in TRIzol® (Life Technologies) reagent. Prior to RNA extraction, worm suspensions were treated five times with a freeze-thaw cycle using liquid nitrogen and a thermo block at 45 °C. RNA extraction was performed using a NucleoSpin® mRNA extraction kit (Macherey-Nagel). RNA samples were treated with DNAse, and then stored at --80 °C. RNA libraries were prepared for sequencing using standard Illumina protocols. Libraries were sequenced on an Illumina HiSeq™ 2000 sequencing machine with a paired-end strategy and read length of 100 nucleotides.

Statistical analysis of transcriptomic data {#Sec17}
-------------------------------------------

RNAseq reads were mapped to the *C. elegans* genome from Wormbase version WS235 ([www.wormbase.org](http://www.wormbase.org)) by Tophat2 \[[@CR78]\] using option *\--b2-very-sensitive,* other default settings and without a transcriptome reference. Tophat2 aligns RNAseq reads to a genome based on the ultra-fast short read mapping program Bowtie \[[@CR79]\]. Estimation of transcript abundance and significantly differentially expressed genes were identified by Cuffdiff \[[@CR80]\] using the quartile normalization method \[[@CR81]\]. Cuffdiff is a program from the Cufflinks package and aims to find significant changes in transcript expression in consideration of possible formation of isoforms for a particular gene. The raw data is available from the GEO database \[[@CR82], [@CR83]\] under the GSE number GSE60063.

For clustering and visualization, transcripts with a significant change between different conditions (adjusted *p*-value \< 0.01 by the false discovery rate, FDR) were treated as signature for each comparison. Due to the biological variation of the replicates, the *p*-value, instead of fold-change, of those genes were firstly log10-transformed and ordered according to increasing or decreasing expression and then taken as input for k-means cluster analysis using cluster 3.0 \[[@CR84]\] with a k of 8. A heatmap was generated by TreeView version 1.1.4r3 \[[@CR85]\]. Principal component analysis (PCA) was carried out on log-transformed gene expression profiles using a probabilistic PCA algorithm \[[@CR86]\] from R package pcaMethods \[[@CR87]\], which links PCA to the probability density of patterns. Dimensionality of the samples was reduced from 57165 (total isoforms) to three dimensions (PCs). Motif analysis was carried out on the promoter regions, -600 bp and 250 bp relative to transcription start sites (TSS), of genes in each group. De novo motif discovery was performed by AMD \[[@CR54]\].

GO and EASE analysis {#Sec18}
--------------------

Gene ontology (GO) and a gene set enrichment analysis was carried out on each group of genes from the K means cluster analysis. GO analysis was performed using DAVID \[[@CR52], [@CR53]\] with a cut-off of *p*-value \< 0.05, adjusted by FDR. For the gene set analysis, we used EASE \[[@CR50]\], a free, stand-alone software package from DAVID bioinformatics resources (<http://david.abcc.ncifcrf.gov/>). As recently described \[[@CR51], [@CR64]\], we constructed a *C. elegans*-specific gene set database, WormExp \[[@CR51]\], from published data and also using the previously established data sets collected by Ilka Engelmann et al., \[[@CR88]\]. Based on this data set, we performed the EASE analysis and selected the results with a Bonferroni adjusted *p*-value \< 0.05.

eQTL enrichment analysis {#Sec19}
------------------------

eQTL enrichment was done using a hypergeometric test in R. The eQTL sets \[[@CR41], [@CR57]--[@CR59]\] were obtained from WormQTL.org \[[@CR55], [@CR60]\]. The eQTLs at a specific locus were compared to the genes in a specific expression cluster, as identified from the above described K-means cluster analysis.

Ethics approval and consent to participate {#Sec20}
------------------------------------------

Not applicable.

Consent for publication {#Sec21}
-----------------------

Not applicable.

Availability of data and material {#Sec22}
---------------------------------

The datasets, supporting the conclusions of this article, is available in case of the QTL analysis from WormQTL \[[@CR55], [@CR60]\], in case of the phenotypic analysis of N2, CB4856, and the *npr-1* mutants in Additional file [2](#MOESM2){ref-type="media"} of this article, and in case of the transcriptome analysis from the GEO database \[[@CR82], [@CR83]\] under the GSE number GSE60063. The *C. elegans* strains are available from the Caenorhabditis Genetic Center (CGC), which is funded by NIH Office of Research Infrastructure Programs (P40 OD010440). All bacterial strains are available from the corresponding author upon request.

Additional files {#Sec23}
================

Additional file 1:Illustration of the lawn leaving assay. 10 hermaphrodites at the L4 stage were transferred by picking onto 9 cm peptone free NGM plates containing a lawn of the tested bacteria, each mixed with *E. coli* OP50 and surrounded by a ring of 80 μl of OP50. (TIF 144 kb)Additional file 2:Raw data for the analysis of N2, CB4856, and the npr-1 mutants. Sheet 1, Lawn leaving behavior of N2 and CB4856 from Bacillus thuringiensis - Raw data for Fig. [1](#Fig1){ref-type="fig"}; sheet 2, Lawn leaving behavior of mutants from Bacillus thuringiensis - Raw data for Fig. [4](#Fig4){ref-type="fig"}; sheet 3, Surival of N2 and CB4856 on Bacillus thuringiensis - Raw data for Additional file [9](#MOESM9){ref-type="media"}; sheet 4, Surival of mutants on Bacillus thuringiensis - Raw data for Fig. [5](#Fig5){ref-type="fig"}; sheet 5, Lawn leaving behavior of N2 and CB4856 from Pseudomonas aeruginosa PA14 - Raw data for Additional file [10](#MOESM10){ref-type="media"}; sheet 6, Lawn leaving behavior of mutants from Pseudomonas aeruginosa PA14 - Raw data for Fig. [6](#Fig6){ref-type="fig"}; sheet 7, Surival of mutants on Pseudomonas PA14 - Raw data for Fig. [5](#Fig5){ref-type="fig"}. (XLS 482 kb)Additional file 3:Table on the statistical results for the comparison between N2 and CB4856 leaving behavior towards *B. thuringiensis* and *E. coli.* (PDF 83 kb)Additional file 4:Table on the statistical results for the pairwise comparisons of the leaving response on the *E.coli* OP50 control versus the *B. thuringiensi*s strains. (PDF 87 kb)Additional file 5:Figure on the leaving phenotypes of the introgression lines (ILs) plotted against the introgression position along the chromosomes. (A) Results for *E. coli* strain OP50; (B) non-nematocidal *B. thuringiensis* strain DSM350; (C) nematocidal *B. thuringiensis* B-18247; and (D) highly nematocidal *B. thuringiensis* B-18679. Green and red lines show the results after either 14 h or 24 h exposure, respectively. Position of markers is given along the X axis. Light gray vertical lines indicate boundaries of the chromosomes. (TIF 1279 kb)Additional file 6:Table on the statistical results for the comparison of the N2 and CB4856 leaving behavior with that of the mutant strains towards *B. thuringiensis* and *E. coli.* (PDF 96 kb)Additional file 7:Table on the statistical results for the separate comparison between *C. elegans* N2 and CB4856 survival on nematocidal *B. thuringiensis.* (PDF 74 kb)Additional file 8:Table on the statistical results for the pairwise comparison of survival of the *C. elegans* strains on nematocidal *B. thuringiensis.* (PDF 78 kb)Additional file 9:Figure on the separate analysis of N2 and CB4856 survival in the presence of nematocidal *B. thuringiensis*. (A) Survival on *B. thuringiensis* strain B-18247; and (B) B-18679. Survival on the Y axis is plotted against BT concentration on the X axis. Error bars represent standard error of the means. The statistical results are given in Additional file [6](#MOESM6){ref-type="media"}. (TIF 106 kb)Additional file 10:Figure on the separate analysis of lawn leaving behavior of N2 and CB4856 towards *E. coli* and *P. aeruginosa*. (A) Results for avoidance of *E. coli* strain OP50; and (B) *P. aeruginosa* strain PA14. The asterisk (\*) points to a significant difference to N2. The dotted reference line indicates the 0.5 avoidance response. Statistical results are shown in Additional file [10](#MOESM10){ref-type="media"}. (TIF 97 kb)Additional file 11:Table on the statistical results for the comparison between N2 and CB4856 leaving behavior towards *E. coli* and *P. aeruginosa*. (PDF 76 kb)Additional file 12:Table on the statistical results for the comparison of the N2 and CB4856 leaving behavior with that of the mutant strains towards *P. aeruginosa* and *E. coli*. (PDF 90 kb)Additional file 13:Table on the statistical results for the comparison of *C. elegans* survival rate on *P. aeruginosa* PA14 versus the control *E. coli* OP50. (PDF 74 kb)Additional file 14:Table on the statistical results for the pairwise comparisons of *C. elegans* survival rates on *P. aeruginosa* PA14. (PDF 72 kb)Additional file 15:Table with the list of differentially expressed genes after exposure of the *C. elegans* N2 wildtype or *npr-1* mutant to pathogenic *B. thuringiensis* B-18247, pathogenic *P. aeruginosa* PA14, or non-pathogenic *E. coli*. (XLS 2096 kb)Additional file 16:Results of the eQTL enrichment analysis of the K means clusters of differentially expressed genes. (XLS 160 kb)Additional file 17:Results of the GO term enrichment analysis (first sheet), the motif analysis (second sheet), and the *C. elegans*-specific EASE enrichment analysis (third sheet) of the K means clusters of differentially expressed genes. (XLS 316 kb)

AMD

:   automated motif discovery
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:   gene expression omnibus
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:   generalized linear model
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:   gene ontology
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